Pertussis is an under-recognized cause of neonatal morbidity and mortality. To review information on the epidemiology and disease burden of neonatal pertussis in South and Southeast Asian countries, a systematic literature review of three bibliographic databases was undertaken. Peer-reviewed original studies on neonatal pertussis epidemiology and burden published since 2000, with a geographical scope limited to South and Southeast Asian countries, were included. Data were systematically extracted based on parameters defined a priori. Our findings show that the burden of neonatal pertussis and its complications is substantial.
INTRODUCTION
Globally, the mortality rate in children\5 years of age dropped by [ 50% from 1990 to 2016 (i.e., from 93.2 to 40.5 per 1000 live-births) [1] . The decline in global neonatal mortality was less pronounced compared with the decline in global mortality in children \ 5 years of age. In 2016, 2.6 million newborns died (slightly [ 7000 per day on average) before turning 1 month old and accounted for 46% of all deaths in children\5 years of age [1] . In the same year, the regions of sub-Saharan Africa and Asia accounted for 40% and 38% of global neonatal mortality. Notably, in South Asia, India accounted for 24% of global neonatal mortality. Infectious disease and neonatal complications are responsible for the majority of deaths [2, 3] .
Pertussis, also known as whooping cough, caused by Bordetella pertussis, is a highly contagious, vaccine-preventable respiratory disease causing significant childhood morbidity and mortality [4] . Despite widespread pertussis primary immunization in childhood, the pathogen continues to circulate in the population and has even reemerged with increased incidence. The limited ability of vaccines to provide long-term immunity within vaccinated individuals is one of the reasons for this reemergence [5] . Published data report that protection following vaccination wanes after 4-12 years. This situation can pose a significant public health issue as outbreak cycles occur every 3 to 5 years [6] . Importantly, the most vulnerable individuals to pertussis infection are unimmunized or incompletely immunized infants (\ 6 months of age) [7, 8] . Family members, especially mothers, have been implicated as important sources of pertussis transmission in unprotected infants who are at high risk for complication and death [9] .
In most Asian countries including India [10, 11] , Korea [12] and the Philippines [13] , pertussis is a notifiable disease. However, due to the limited data on neonatal disease burden and the lack of a well-established disease surveillance system, pertussis is not considered an Fig. 1 Plain language summary-focus on the patient. Highlights the context of the article, the importance of neonatal pertussis, maternal immunization and steps that should be taken in the future to address the impact of neonatal pertussis disease burden important public health issue, especially by local healthcare professionals (HCPs). The HCPs seldom suspect pertussis because of the nonspecificity of symptoms, lack of awareness and non-availability of diagnostic facilities. Together, these factors contribute to gross under-reporting, which leads to an under-representation of the true disease burden [10, 11] . Data on the neonatal pertussis disease burden across various South and Southeast Asian countries will guide HCPs in making informed decisions about pertussis vaccination to protect newborns. Therefore, the objective of our review was to collate and summarize information on the epidemiology and disease burden of neonatal pertussis in South and Southeast Asian countries (Fig. 1 ).
METHODS
A systematic literature review was conducted to identify studies on the epidemiology and burden of neonatal pertussis in South and Southeast Asian countries. This review was conducted according to guidelines in the Cochrane Handbook for Systematic Reviews of Interventions and Preferred Reporting Items for Systematic Literature Reviews and Meta-Analyses (PRISMA) to obtain relevant information using a reproducible, robust and transparent methodology [14, 15] . In line with these guidelines, we developed a study protocol in which the search strategy and study eligibility criteria were established prior to conducting the review. Afterwards, searches were performed, and retrieved publications were assessed for eligibility based on predefined eligibility criteria. From the final list of publications considered relevant for this review, data were extracted, the scope of which was established a priori. As the final step, we synthesized key findings from the data. The review methodology is detailed below. This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.
Databases and Search Strategy
We searched the following databases in June 2018: Medline, Embase and the Cochrane Library. Government and regional World Health Organization (WHO) websites were searched for outbreak and epidemic information. Considering the limitation with respect to the breadth of available data, this review also attempted to utilize all publicly available information relevant to the region pertaining to neonatal pertussis disease burden. Additional references were obtained by examination of citations in published reviews.
The Search limitations included restricting to human studies conducted in the above-listed countries. To minimize the introduction of bias, no language limit was applied. We restricted our search to publications after the year 2000. This was done for two reasons: (1) we did not expect to find relevant published epidemiological data on neonatal pertussis before the year 2000. This decision was made based on a preliminary search carried out for the time period before 2000. (2) In the context of healthcare policy and decision-making, recent epidemiological data are considered relevant. Given the time limit applied to our review, case definitions of pertussis in the included studies were either clinically or laboratory confirmed, according to the WHO criteria [16] .
Eligibility Criteria and Screening of Articles
After performing the searches, we screened the identified publications based on the eligibility criteria in two phases: (1) screening of titles and abstracts; (2) reviewing of the full-text publications (Table 1) .
In view of the low volume of literature expected for neonates in this region, identified publications were included if any information on the pertussis disease burden in the region was reported. References of identified reviews relevant to the topic were screened to identify potentially relevant studies. Articles considered equivocal for inclusion were rescreened by other authors.
Data Extraction and Reporting
We extracted data using a standardized data extraction sheet, which included information about the study setting, time, vaccination 
RESULTS
Our electronic search identified 1235 articles (July 2018), of which we screened 31 full-text publications. In total, ten articles were included in our review (Fig. 2 ).
Neonatal Pertussis Disease Burden in South and Southeast Asian Countries
Ten articles from South and Southeast Asian countries reported information on the neonatal pertussis disease burden: Indonesia (n = 1) [17] ; India (n = 1) [18] ; Nepal (n = 2) [19, 20] ; Pakistan (n = 1) [21] ; the Philippines (n = 3) [13, 22, 23] and Singapore (n = 2) [24, 25] . These publications sourced information primarily from surveillance data and were conducted either prospectively or retrospectively (Table 2) .
Pertussis Disease Burden
In Indonesia, an increase in the number of pertussis cases was noted since 2012 (detection by physical examination and Bordet Gengou culture); the majority (79%; n = 50) of the cases were reported in infants aged 0-5 months [17] . Similar findings based on physical symptoms were documented in 2007 during a large pertussis outbreak in India with high rates of suspected pertussis in infants aged 0-1 year (71%; n = 39) [18] . In contrast, during 2011-2014, in Nepal, the incidence of polymerase chain reaction (PCR)-confirmed pertussis was 13.3 cases per 1000 infant-years. This surveillance was conducted during a period of low pertussis transmission [20] . Notably, in another study from Nepal in which an influenza vaccine was administered in pregnancy, a low level of protection against pertussis was observed in young infants because of the low prevalence of maternal antibodies (detection of four pertussis antigens using enzyme-linked immunosorbent assays) [19] . Elevated levels of maternal antibodies to pertussis antigens, suggestive of recent pertussis infection, were indeed only found in 4% of the total (n = 305) paired maternal-infant blood samples analyzed [19] . In Pakistan, during 2015-2016, the incidence of pertussis in infants aged \ 10 weeks based on symptoms and PCR test was 3.96 cases per 1000 infants [21] . In the Philippines, despite 87% pertussis vaccination coverage, an increase in the number of pertussis cases was reported (detection based on physical examination, microbiologic investigations and PCR analyses), especially in infants \ 6 months of age (2012-2013; n = 28). Of these, 92.9% (n = 26) were reported in infants aged 0-3 months who had exposure to household members with respiratory symptoms and unknown pertussis vaccination status. Two cases of pertussis were documented in infants \ 1 month of age [22] . An observational study (2012) (2013) (2014) (2015) in the Philippines with children (8 days-13 years) hospitalized with pneumonia showed that 2.9% (n = 34) were PCR-confirmed pertussis cases, and a majority (65%, n = 22) of these cases were reported in infants \ 3 months old [23] . Another study in the Philippines reported 60% higher pertussis cases (n = 143) in the first half of 2016 compared with the previous year, of which 81.1% of cases were documented in infants \ 1 year of age [13] . A study (2004) (2005) (2006) (2007) in Singapore recorded 45 pertussis cases (detection based on microbiological investigations and PCR analyses), mostly in infants \ 6 months of age [24] . Two hundred PCR-confirmed pertussis cases (median age: 2.75 months) were reported over 10 years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) in Singapore; 61% of cases were reported in infants \ 3 months old [25] .
Clinical Presentation and Laboratory Findings
The most common symptoms a pertussis patient presents are cough with or without paroxysms, cyanosis, apnea, tachypnea, difficulty in breathing and leukocytosis. In a study from the Philippines, pertussis patients (n = 28, one patient [ 1 year of age) presented with paroxysms of cough (100%), accompanied by cyanosis (100%) and tachypnea (93%). The characteristic whoop was not seen in any of the /l), lymphocytic predominance and thrombocytosis (i.e., mean platelet count: 567 9 10 9 /l) [22] . In another study from Nepal, the most common symptoms were cough and difficulty in breathing [20] . Similar symptoms were noted in a study from the Philippines, along with central cyanosis [23] . In a retrospective study from Singapore, most of the pertussis infections were seen in infants \ 6 months; cough, apnea, cyanosis, fever and requirement of oxygen for recurrent desaturations were noted [24] .
Complications, Intensive Care Unit (ICU) Admission and Length of Stay
Pertussis can cause high complication rates, especially in infants who are too young to be vaccinated. In a study from the Philippines, the most common complications were pneumonia requiring mechanical ventilation (64%), acute respiratory distress syndrome (ARDS) (28%), seizures (21%), nosocomial pneumonia (11%) and myocarditis (11%). The length of hospital stay was 7.4 days on average [22] . In another study from Singapore, children \ 6 months of age had severe disease, and the length of hospital stay was 5.1 days, compared with 3.5 days in [ 6 month olds [24] . Furthermore, in a retrospective review of pertussis admissions from Singapore (2007-2016), risk factors associated with ICU admission comprised: age \ 3 months, positive contact history, underlying comorbidity, prematurity, absence of diphtheria-tetanus-acellular pertussis (DTaP) vaccination, lymphocytosis, hyperleukocytosis, thrombocytosis and pneumonia [25] .
Mortality
A large pertussis outbreak in India led to 15 deaths of infants \ 1 year of age [18] . In a study in Pakistan, one death was reported among pertussis-positive cases [21] . In a retrospective chart review study in the Philippines, the case fatality rate in the series was 46% (n = 13), and the median age of mortality was 7 weeks (range 4 to 12 weeks). Eleven patients (85%) did not receive diphtheria, pertussis and tetanus (DPT) vaccination, and six of them were not eligible. All mortality cases had leukocytosis with lymphocytic predominance and thrombocytosis [22] . Similarly, in another study in the Philippines, a higher case fatality ratio among 34 pertussis-positive cases (14.7%; n = 5) was observed compared with 102 pertussis-negative cases (1.0%; n = 1); all five deaths were reported in infants \ 6 months of age [23] . Similar findings were documented in another study reporting a case fatality rate of 5.59% (n = 143) [13] .
Challenges in Estimating Pertussis Disease Burden
Establishing accurate pertussis incidence in this region is difficult and is influenced by several factors, the reasons for which are further examined. We found a few studies providing some data on the neonatal pertussis disease burden in South and Southeast Asia (Table 2) . Importantly, most of the data were obtained from hospital-based retrospective studies describing a series of pertussis cases that do not give actual incidence. Official statistics were difficult to obtain for most countries as mandatory pertussis surveillance systems based on active reporting are not well established in the region. Existing surveillance systems in the region rely on passive reporting where most cases are known to go unreported [26] . However, even in countries where disease reporting is mandatory, the pertussis burden may be underestimated. This is because the diagnosis of pertussis is challenging, especially in neonates, as other respiratory pathogens cause pertussislike illnesses and the clinical presentation of pertussis varies. The situation is further complicated by the fact that case definitions for pertussis vary across countries [27] (refer to Table 3 for an overview of case definitions for the different age groups used for pertussis). Moreover, specific guidelines for the diagnosis of neonatal pertussis are not yet available, and existing recommendations are targeted at older children. In addition, most neonatal deaths occur outside the hospital environment; Serology (IgG-PT), if C 1 year after pertussis vaccination therefore, it is also difficult to ascertain and report the true causes of neonatal deaths. Accurate laboratory identification of B. pertussis remains problematic [28] [29] [30] [31] . Clinically accurate laboratory diagnostic tests are essential for the confirmation of pertussis and can be done via culture, direct-fluorescent-antibody testing, serology and PCR. Although PCR is a robust detection method, assays are expensive, and this technique has usually been unavailable on a routine basis in Asia. Factors such as the widespread availability of antibiotics and initiation of treatment prior to sample collection contribute to the increasing number of negative cultures and further hampers disease detection [7, 26] . These specific issues are compounded in the case of neonates.
Current Scenario of Pertussis Vaccination
Until the 1990s, pertussis control was mainly carried out via a vaccination calendar consisting of a three-dose primary series. Under this scheme, the first dose was administered as early as 6 weeks of age, and subsequent doses were provided within 6 months [32] . While coverage has improved, many countries have added vaccination boosters beyond the primary doses with the main aim of reducing the high disease burden in the most vulnerable populations. However, recent trends in the resurgence of pertussis across the age groups pose an urgent need to protect newborns [33] , especially during the time window between birth and completion of the primary vaccination schedule (please see https://doi.org/10.6084/m9.figshare.7951187) [34] . A resurgence in pertussis disease has led to a shift in primary pertussis prevention that has relied on infant immunization to protection by cocooning, i.e., vaccination of close contacts of newborn infants (new mothers, fathers, grandparents, siblings, caretakers, etc.), thereby reducing the risk of pertussis exposure for newborns. Cocooning programs, though effective, have had limited success and are not costeffective [35] . Immunization of women during pregnancy rather than during the immediate postpartum period (the initial cocooning recommendation) is a better approach by directly providing protection through transplacental transfer of maternal vaccine-induced antibodies [35, 36] . Evidence from clinical trials and preliminary surveillance data suggests that maternal vaccination is well tolerated in pregnant women, fetuses and newborns and is effective in protecting the latter against pertussis [37] [38] [39] [40] . While immunization during pregnancy offers several benefits, few studies have shown that maternally derived immunoglobulin G antibodies cause blunting of the infant antibody responses for the same or related antigens after primary vaccination [41, 42] . The clinical relevance of blunting is not apparent, and further investigation of blunting on pregnant women and infants is required [39] .
In 2011, the Tdap (reduced antigen quantity) vaccine was recommended in unvaccinated pregnant women by the US Advisory Committee on Immunization Practice (ACIP) [35] . The WHO recommended that national programs consider the vaccination of pregnant women with one dose of Tdap (in the second or third trimester, preferably at least 15 days before the end of pregnancy) when infant morbidity or mortality from pertussis is high or increasing [32] . Pertussis vaccination practices differ across the Asia-Pacific region, with only some countries recommending booster dosing. Countries usually adapt their recommendations from the WHO based on local information about risk groups, disease burden and cost-effectiveness, but these data are limited in low-or middleincome countries [26] .
DISCUSSION
Our study shows that the majority of reported pertussis cases involve neonates and young infants. An increase in the number of pertussis cases has been noted since early 2000 ranging from 61 to 92.9% in infants 0-3 months old. The most common symptoms an infant is likely to present with are cough with or without paroxysms, cyanosis, apnea, tachypnea, difficulty in breathing and leukocytosis. In addition, it can lead to hospitalization (length of stay: 5-7 days), complications (e.g., pneumonia, seizures) and mortality ranging from 5.6 to 14.7%.
A resurgence of pertussis across age groups has occurred in several countries in recent years, specifically in unimmunized (0-8 weeks) or partially immunized (2-6 months) infants [43] [44] [45] . Neonates also have significantly higher rates of complications and death compared with other age groups, which is in line with previous reports [44] [45] [46] [47] . During 1980-2016, in countries such as Australia, Belgium, Brazil, Portugal, the UK and the US where high coverage levels of pertussis vaccination have been reported, a rise in the incidence of pertussis has been observed [37, 46, [48] [49] [50] [51] . Considering this situation in well-developed countries, the pertussis burden is likely to be much higher in lowand middle-income countries [26] . While data from 2008 show that there were 148,095 reported cases globally [52] , the WHO estimated that there were 16 million cases of pertussis globally, of which 95% were in developing countries in the same year [53] . In India, the average number of cases reported per year between 2000 and 2016 is[30,000, which is far below estimates [54] .
Maternal immunization is known to protect neonates from pertussis until they are old enough to receive the primary vaccination series [37] . To reduce the pertussis burden in infants, the WHO considers maternal immunization to be a cost-effective strategy, in addition to cocooning, and recommends its use in countries with high pertussis morbidity and mortality in infants too young to be vaccinated [32] . In addition to the ACIP, the American College of Obstetricians and Gynecologists [55] , the Royal College of Obstetricians and Gynecologists [56] and national bodies such as the Indian Academy of Pediatrics [57] and the Federation of Obstetrics and Gynecological Societies of India [58] have also recommended the use of Tdap during each pregnancy. Despite national recommendations in several countries, in this region, uptake in pregnant women remains variable [26] . Multiple strategies to increase vaccine uptake should be considered to increase protection in infants, such as dissemination of information and education about the disease and the need for prevention in this vulnerable population [51, 59, 60] . A study reported that in Korea 95.1% of women surveyed received information from doctors about Tdap vaccination and that 81.2% of them were not aware of the need for vaccination. Most importantly, 89.6% considered the recommendation of obstetric doctors as the most influencing factor regarding their decision for Tdap vaccination [59] . This review intends to raise awareness among HCPs on the existence of neonatal pertussis in individual Asian countries and the need to improve Tdap vaccination coverage among pregnant women. Remarkably, obstetricians and gynecologists played a significant role in the elimination of maternal and neonatal tetanus in India [61, 62] .
We recognize there are some limitations to this work. Studies included in this review did not specifically report on the actual incidence of pertussis. Indeed, we did not conduct screening activities with two independent reviewers and did not perform a risk-of-bias analysis for the publications included in this study. As we aimed to obtain a better understanding of published epidemiology and disease burden data, having one researcher conducting screening activity was appropriate and a risk-of-bias analysis was not necessary. We understand that the geographic scope of the review is limited.
CONCLUSION
There is a paucity of data on the neonatal pertussis disease burden in the region of South and Southeast Asia. Our findings indicate that there is a significant percentage of reported cases of pertussis in neonates and that the disease can be severe and life-threatening. Outbreaks are common in Asia and across the rest of the world and reemerge every 3 to 5 years. Thus, there is a need to intensify efforts to protect this most vulnerable population. Maternal immunization is a proven and cost-effective strategy to prevent pertussis in neonates when primary immunization starts at 6 or 8 weeks, as recommended by the WHO. Therefore, maternal vaccination should continue to be supported, while further research should fill knowledge gaps and a robust public health surveillance program for pertussis must be implemented to better understand the disease burden and to monitor the impact of the vaccine among infants and pregnant women.
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